1 . In this paper we limit ourselves to the direction that has led to the creation of experimental closed ecological human life support systems.
The ideal foundations of our work were V.I. Vernadsky's (1924) concept of the biosphere and K.E. Tsiolkovsky's (1926 Tsiolkovsky's ( , 1964 If there is no preset limit to the number of replications in the genome of the cultured species, which is true for the most studied species of microorganisms (the situation being more complicated for clones of cells from tissues of multicellular organisms), this system is not limited in time and the rates of growth and reproduction of the cell population in it can be maintained over indefinitely long periods of time; theoretically this system is eternal and practically its existence is limited by the time of functioning of its technical unit.
We realized this system for the Chlorella population, optimized the physical parameters of the culture and the composition of the nutrient medium, and obtained continuous culture that was only limited by energy -by the amount of the incident photosynthetically active radiation.
It produced so much oxygen that 17 liters of the culture spread in a thin layer in the reactor with the light-receiving surface area 8 m 2 was enough for gas exchange of a human subject whose body mass amounted to 70 kg. That was the basis for constructing Bios-1, a system in which the sealed cabin with the human subject was connected to the Chlorella reactor Bios-1 ( Fig. 1 ) and the subject stayed there for days, due to gas exchange with the algae, which took up the carbon dioxide he released.
The next step was the construction of Bios-2, a system in which the water cycle was closed in a loop with the algal culture. See schematic diagram on Fig. 2 .
Microalgae, however, cannot be completely responsible for the most complex biochemical 1
Even an overview of the main branches and fruits of this prolific line of research cannot be made within one article. We hope that the Editorial Board of the Journal will invite the leaders of the mature and the promising branches of closed ecological systems studies to resume the tradition of writing analytical reviews of their research and publish them in the Journal. Schematic showing mass exchanges in the system "human -microalgae". 1 -sealed cabin; 2 -algal cultivator; 3 -heat exchanger; 4 -charcoal filter; 5 -compressor; 6 -metering pump for condensate and waste water; 7 -filter for drinking water; 8 -distillation unit; 9 -filter for hygiene water; 10 -nutrient solution tank; 11 -filter for waste water; 12 -centrifuge. F -food; SA -salt additives to drinking water; Sorb -sorbents; H 2 O -water added to the system to compensate for process losses and water expenditure in algal photosynthesis; BE -biogenic elements; SW -human solid wastes; AB -algal biomass; DR -dry residue. The way to provide humans with food in the closed ecosystem that was the most physiologically sound and safe for humans, at least in the first phase, was cultivation of traditional agricultural crops. One of the authors of this paper (Lisovsky, 1979) showed that higher plants grown in continuous culture -as a "conveyor" -yield, under optimal conditions, the same amount of biomass and, hence, the same amount of oxygen as the microalgal culture. It had been earlier assumed that productivity of the algae was many times higher than that of higher plants.
However, we managed to provide one human with the vegetable part of his diet by growing plants on 30 m 2 of the illuminated area. That was the basis for constructing Bios-3, the system designed by B.G. Kovrov et al. (1985) .
Bios-3 (Fig.3) is constructed of welded stainless steel plates to provide a hermetic seal.
The structure (Fig. 2) , which is 14 x 9 x 2.5 m (with a volume of 315 m 3 ), is divided equally into four compartments (of nearly 7 x 4.5 x 2.5 m) (Fig. 4) . Each compartment has three doors that are sealed tightly with rubber gaskets. One door in each compartment leads to the outside, and occupants could escape within 20 seconds if necessary, but the need has never arisen. Each compartment can be scaled independently in combination with any other compartment. The crew area, which occupies one compartment, is subdivided into three separate sleeping rooms, a kitchen, a lavatory, a control room, and a work •s -1 ).
To maintain the pressure inside Bios-3 at close to atmospheric levels, which minimizes leaks, two air tanks are connected to the main structure.
Air was circulated among the crew quarters and the phytotrons. It was partially purified by the plants, and a thermocatalytic filter; completed the purification by heating the air to 600-650 °C, which oxidized organic molecules to carbon dioxide and water (Fig. 6 ). In the course of the 180-day experiment, concentrations of potentially toxic gases varied around the average values, remaining, on the average, parallel to the time axis, which confirmed that the atmosphere was in a state of dynamic equilibrium. Transpired water was condensed and recirculated, mainly to nutrient solutions for the plants. Some of this water was boiled for washing and general cleaning, but water for drinking was further purified on ion-exchange filters. Small quantities of potassium iodide and fluorides were also added to this drinking water for health, and potassium chloride and some other salts were added to improve the taste (Fig. 7) .
The crew communicated with the outside world by phone or through the viewing ports.
Samples of various kinds were passed outside through small airlocks for analysis. Electrical signals from sensors attached to the bodies of A -microalgal cultivator; G -gas blower; Ch -charcoal filter; C -sewage and gray water collection in the toilet and kitchen; N -wheat nutrient medium; Q -collector for transpiration moisture condensate in the phytotron; H -vessel for boiling and storing !hygiene water; U -urine collector; D -unit for additional treatment of drinking water by sorption crew members to monitor various physiological parameters were transmitted to the outside through specially designed sockets.
Bios-3 was the first to make possible experimentation with a long-term human presence in a closed environment regenerated by photosynthetic processes. The atmosphere and water were regenerated completely while food regeneration amounted to 93% (Table 1) . Bios operated for a total of about a year, and continuous experiment with humans in the closed system lasted 6 months ( Fig. 8) . Some test subjects took part in the experiment 2-3 times; the longest time one human spent inside the system was 13 months (Gitelson et al., 1975 (Gitelson et al., , 2003 Salisbury et al., 1997 water, and the vegetable fraction of the human diet, the living conditions were adequate to meet the principal human requirements (Gitelson et al., 1989; Kovrov et al., 1985; Lisovsky, 1979) . If ecology is defined as the study of the relationship between organisms and their surroundings, it is naturally subdivided into hierarchic levels differing in the complexity of the ecological system organization:
• elementary ecosystem-relationship of a single individual to its habitat (autoecology);
• population ecosystem-relationship of one-species population to its surroundings (population ecology);
• biocenosis, or community in the American literature-a multispecies ecosystem consisting of many (at least two) species interrelated by trophic, reproductive and signal links (synecology).
A term more commonly used in Russian scientific literature is "biogeocenosis" coined by Sukachev (1944) . It emphasizes that a cenosis obligatorily includes not only a living component-"bio"-but also a nonliving one-"geo," to which the living component is related through material exchange.
Ecosystems of increasing complexity, from
the elementary biocenosis of microorganisms to the multicomponent ecosystems, covering vast territories and water areas, are all at the same level in terms of organization. Their basis is the energy and matter flowing through them.
Biosphere and Noosphere
The highest level of ecosystems in terms of organization is the biosphere as a whole. The biosphere differs from all ecosystems constituting it by a unique quality-nearly complete closure of the material cycle. So the biosphere is endowed with specific properties justifying detachment of this ecosystem as the object of a separate branch of ecology-biosphere science. In modern literature it is called biospherics although biospherology would be a more logically correct term, while biospherics could only be applied to the part dealing with the synthesis of manmade ecosystems closed to a high degree, the experimental investigation of these systems, and modeling, both physical (natural) and mathematical.
Present-day science and, subsequently, society realize more and more that humanity's technological potential exerts a rapidly increasing effect (mostly destructive) on the closure of the material cycle in the biosphere. Thus, even today the Biosphere experiences a profound influence of humanity, and this influence will grow stronger.
Therefore, there are ample grounds to regard the current epoch in the history of the Biosphere as a transition period of its evolution from the stochastically balanced existence to that controlled by the human race-evolution to the Noosphere (Vernadsky, 1924; Moiseev, 1990; Gitelson et al., 2003) .
The emerging branch of science with roots in biospherology but growing into the humanities may be termed noospherology, and the part of it concerned with synthesis of manmade noospheres and their control may be given the name noospherics. In essence, the experimental systems we have described in our artical are just one of the first fruits of noospherics. Let us, on the basis of the experience that has been accumulated by now, consider the avenues for the further advancement of the described experimental ecosystem directed toward a more complete closure.
Two kinds of obstacles to the further closure of the system and the prolongation of its lifetime can be foreseen: technical and biological obstacles.
Technical or Biological?
We have named the technical problems first.
Although they do not seem fundamental, our experience with the system, particularly with the autonomous version, proves that it is the issue of technical reliability of the system that determines to what extent it can be really autonomous. There is a fundamental difference between the live and technical parts of the system with respect to reliability. An organism is a self-sustained system, and a population of organisms is even self-regenerating. Technically speaking, the live part of the biological-technical system not only can be repaired but also can repair itself-it continuously renews itself according to the intrinsic program. This program is the gene pool, and, consequently, the reliability of its restoration depends on the number of autonomously acting genomes. For instance, in the algal reactor of our system it repeats itself in 10 13 autonomous cells.
In the case of some damage, one living cell would be enough for the system to restore itself to its original size. One can find experimental support for this statement in (Gitelson and Rodicheva, 1996) .
In present-day engineering, the functions The main result of our experiments is proof that an internally-governed biological life support system can be realized and maintained in a sustainable state within the bounds of a tightly limited space on the condition that it is obligatorily controlled by the human intellect -" noos".
A problem arises of devising equipment whose vitality would correspond to the reliability of the biological part of the system. An ideal solution would be to invent self-repairable devices by analogy with living organisms, but this can hardly be the destiny of the nearest generations of devices. Now it must be concluded that of the two parts of the biological-technical union it is the technical part that is unreliable, and this factor will limit the lifetime of autonomous life support systems. We are emphasizing this conclusion because it is in conflict with the opinion popular among engineers, that machinery is more reliable than a fragile and unreliable living body.
Here it would be appropriate to sum up a long discussion between the proponents of physicochemical and biological life support systems. Experience shows that their development is convergent-the future is with hybrid biological-physicochemical systems. However, this hybrid cannot be a mere summation of similar functions of the current systems.
It is our opinion that in the hybrid system the main function of the biological link will be to provide humans with regenerated products, while the physicochemical link will maintain the operation of the biological link and recycle dead end products of the live part of the ecosystem.
Food Problems
Let us look at the problems of the biological part of the closed ecosystem with the human.
Two principal problems stand out here. First, it is further closing of the system trophic structure. intensively cultivated in a manmade ecosystem than traditional agricultural objects (Kamarei at al., 1986; Salisbury at al., 1995) .
On the other hand, our reasoning has to be based on the fact that the human diet, which has formed empirically, is adequate for people's requirements. This is one of the physiological and psychological stereotypes that must be approached extremely carefully, bearing in mind a lag in the organism's response to changes in diet.
The second aspect of the food problem is the impossibility of selecting one species, a "metabolic antipode" to the human, that would regenerate all the food required by the human, feeding all human excreta.
We have to cultivate in the system multispecies biocenoses, which complicates its structure. The size and energetics of the system are particularly affected by the augmentation of trophic levels. To synthesize 50 g of animal protein a day, the phototrophic link must increase twice, i.e. the expenditure of the system is equal to that needed to produce the other 500 g of the primary biomass for the human. Naturally, researchers strive to make the system trophic structure as simple as possible and, first of all, to base the regeneration of all food for the human on the autotrophic processes of primary biosynthesis.
Agricultural plants perform this function fairly
well, regenerating carbohydrates, vegetable oils, and proteins. However, up to half or more of the biomass synthesized by plants is inedible, being a deadlock product. Ways of returning it to the material cycling are yet to be found.
A temptingly easy solution to the problem for space life support systems and for the expanding Earth's population would be to turn to a vegetarian diet, to give up eating animal food.
The efficiency of agricultural production would at least double; and the possibility of living on a vegetarian diet has been proved by the experience of many people.
In our opinion, however, this cannot be recognized as an optimal way to solve the food problem either in space or on Earth, since it is founded on a considerable limitation of human physiological and psychological requirements for most people, who are not vegetarians.
Modern science is able to propose another
way-to use biotechnological methods in synthesizing an absolute biochemical equivalent to the normal human diet, preserving the organoleptic properties people are used to. By controlling the direction of biosynthesis parametrically, it is feasible to bring the composition of the produced biomass much closer to human food requirements. To illustrate, the protein content of Chlorella can be reduced more than twice, to 20-25%; amounts of nucleic acids, chlorophyll, and mineral substances can be also decreased. However, a gap between human requirements and the products of algal biosynthesis is still wide, and attempts to make it narrower lead to the reduced productivity of photosynthesis.
Another way is the physicochemical transformation of the primary biomass or extraction of parts that can be used for food.
Development of this line has started only recently,
but it may be expected that a large part of the synthesized biomass can become edible. This is the most realistic approach used today.
Bright prospects are held out by genetic engineering and selection, ways to control the program of biosynthesis so as to attain the maximum correlation between the composition of the primary produced biomass and human food requirements. The closed ecosystem offers favorable conditions for selection-genetic work.
The feasibility of having 5-6 generations of wheat a year or autoselection processes going on in microalgal and bacterial continuous cultures are the factors that can permit significant directed shifts in the programs of their biosynthesis to be attained within reasonable time.
Genetic engineering offers prospects for
constructing a genome of the organism that would be an absolute metabolic opposite to the human.
Hopefully, it would be possible to create such a controlled system with the human that would in essence make the "human plus a genetically modified plant" complex as an autotroph system, exchanging only energy with the surroundings.
However, this is still a matter for the distant future.
Limiting ourselves to the prospects attainable by currently available methods, we can state that using parametric and selection-genetic methods 
Trace elements problem
The migration of trace elements in the experimental system has turned out to be a hardly controllable process, as trace elements enter into the material cycle from system construction materials, are captured and multiply concentrated by system We can show the importance of microflora as a possible source of system disturbance using its contribution to the mobilization of trace elements as an example. The rich gene pool of concomitant microflora constitutes a potential threat that new, unplanned processes would take place in the closed ecosystem.
Microflora in CELSS
The dynamics of the microflora in the Sterile barriers may also be more dangerous than an ecological balance: if the barrier is broken by accident, which can hardly be avoided, the microflora, which has been developing in isolation until this moment, can change quickly and profoundly (Somova, 1996) . Biosphere2 and in the NASA Johnson Center-BIO-Plex (Tri et al., 1996) ; one in Europe (Spain-MELISSA, ESA) (Melissa, 1998) ; and one in Japan (CEEF) (Nitta et al., 1996) . It would not make sense to construct more of such systems in the near future as they are all very costly, experiments with them are complicated, and information is accumulated slowly. It may be more expeditious to develop miniature closed ecosystems-mini-
Experimental humanmade CES

CES. The International Center for Investigations of Closed Ecological Systems of the Institute of
Biophysics has devised such a desk-top CES, a one-tenth scale model of the full-sized CES with a human, but also including the human metabolism.
The rate of data accumulation in the CES depends more on the number of material cycles in it than on the length of the period of operation in terms of solar time. Therefore, such a mini-system as a research tool is as many times more efficient than a full-scale system as the rate of the cycle in it is higher than the rate of the cycle in the full-scaled system. The cost of manufacturing and operating such a system is tens, or even hundreds, of times lower than that of the full-scale system. It can be easily cloned and used as a research tool in many laboratories. In the present-day situation, when it is not only Russian science that lacks material support, this is of great importance. 
Terrestrial applications
It seems unlikely that anyone can predict now when we are going to need closed life support systems outside Earth, but they can find terrestrial applications even now. vegetables and berries; it will also absorb human wastes without polluting the environment (Bartsev et al.. 1996) .
Another promising application of closed ecosystems is related to the Sick Building overcome SBS in modern highly sealed energyefficient buildings (Wolverton et al., 1984) .
Predications and confirmation
Having covered some distance, it may be well to remember the start.
In the Chapter "Ecology of Spaceflight" written by G. Cooke Cooke's forecasts with later experimental results.
The system with microalgae is difficult to control. The experiment made by Eley and
Myers (Eley, Myers, 1964) Under the conditions of a closed gas cycle, microalgal productivity is regulated through this system (Myers, 1958 We recorded none of the predicted phenomena. In our opinion, the reason is that in our experiments we did not deal with axenic culture. It was a biocenosis with symbiotic relations between the algae and the bacteria.
As for predators and competitors, there is no way that they can be introduced into the closed system. Finally, the main complication predicted- Experiments (Gitelson and Rodicheva, 1996) ( Fig. 11) demonstrate the efficient action of this mechanism in the event of UV-injured Chlorella. To be on the safe side, the gene pool can be stored in many replications.
Human-algal gas exchange cannot be steadily balanced due to a difference between RQ and AQ.
It has been shown in our experiments (Okladnikov et al. 1979) , that a balance between algal AQ and human RQ is achievable on the basis of the steady controllable growth of algae on a balanced nutrient medium and the correction of the human diet.
In conclusion it should be said that G.
Cooke's predictions advanced a priori were quite legitimate and founded on the thorough ecological analysis of the situation, based on the knowledge available by that time. This knowledge led him to the pessimistic conclusion that use of such simple ecosystems imposes severe hazards on the astronaut, and their development as the basis of a life support system should be discontinued. (Salisbury et al., 1995) . relations between humanity as a whole and the biosphere rather than human interrelations are becoming critical for the future of both Humanity and the Biosphere.
